Summary. I25I-insulin binding and receptor-mediated insulin degradation were studied in isolated human fat cells from subcutaneous tissue. A high albumin concentration during cell isolation and incubation protected the fragile human adipocyte from lysis. Binding of tracer was pH dependent with an optimum between 7.4 and 7.6. At 37~ steady state was reached by 45 min and maintained for at least 2 h. The binding of labelled insulin in the presence of 10 ~tmol/l unlabelled insulin was only 1--4% of the total insulin binding. The half-maximal displacement of tracer iodoinsulin (10 pmol/1) by unlabelled insulin occurred at 0.25 nmol/l. Kinetic studies of the dissociation of labelled iodoinsulin from fat cells showed a slight acceleration in the presence of a high concentration of unlabelled insulin in the washout buffer as compared to a buffer containing no insulin. At steady state binding about 95% of the cell-associated radioactivity was extracted as iodoinsulin as judged by gel filtration. The remaining 5% co-eluted with iodotyrosine. During 60 rain about 90% of the cellassociated radioactivity dissociated as iodoinsulin and the rest as iodotyrosine. Conclusions: 1) A high albumin content of buffers prevents traumatization of the human adipocyte; 2)under these conditions steady state binding of insulin is readily measured at 37 ~ 3) the use of a washing procedure makes the non-specific binding negligible; 4) the human adipocyte insulin receptor has a very high affinity; 5) receptor-mediated insulin degradation is minimal.
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Key words: Insulin, insulin receptors, insulin degradation, human adipocytes Studies of insulin binding to human adipocytes were carried out for the first time several years ago by Olefsky et al. [1] . They evoked great interest, followed by other investigations from several other groups. However, it has been obvious ever since the first investigations that great technical problems had to be solved before a suitable method for use on a larger scale for clinical research could be elaborated. In the first study [1] a steady state of insulin binding was unattainable at 37 ~ Subsequent studies were therefore carried out at a lower temperature and binding was measured after 10-45 min [2] [3] [4] . By this time maximum binding but not necessarily steady state may have been attained for a given population of adipocytes. Andersen et al. [5] showed that steady state binding could be established in human omental fat cells at 37~ However, nonspecific binding accounted for about thirty per cent of the total binding in these studies [5] and the technique was consequently not suited for detailed kinetic experiments or for clinical studies. Receptor-mediated insulin degradation has been described in rat adipocytes [6, 7] but this phenomenon has never been studied in human fat cells. To provide a basis for clinical studies of the interrelationship between insulin receptor binding, receptor-mediated insulin degradation and insulin action in human fat cells from subcutaneous tissue we have 1) defined the experimental conditions for isolation and incubation of human fat cells in order to ensure the maintenance of a steady state binding at 37~
2) minimized nonspecific insulin binding; 3) investigated the kinetics of insulin binding and receptor-mediated insulin degradation at 37 ~ and pH 7.4. The minced fragments were washed three times in 37 ~ warm saline-glucose medium and collected in polyethylene tubes with about 1 g of tissue and 2 ml of Hcpes buffer (supplemented with 25 mg/ml human albumin and 5 mmol/l glucose) in each tube. Crude collagenase was added to a final concentration of 0.5 rag/ ml. The tubes were then shaken (about 100 cycles/min) at 37 ~ for 60 min. The remaining stroma containing some fat cells was then removed and the cell suspension was filtered through two layers of gauze and one layer of a nylon mesh with an aperture diameter of 250 p.m. This filtration procedure was repeated and the cells were allowed to float. The infranatant was removed by suction and the adipocytes were transferred to a polypropylcne tube. The preparation of fat cells was washed four times by centrifugation at 5 g for 1 min in a volume of 5 ml of albumin enriched Hepes buffer (50 mg/ml human albumin). After the final rinse the adipocytcs were resuspended in the incubation buffer (50 mg/ml human albumin and 5 mmol/l glucose) and concentrated by centrifugation at 5 g for 1 rain. The volume fraction of adipocytes was measured in duplicate by filling a haematocrit capillary tube with a sample of the fat cell suspension. After ccntrifugation at 13.400 g for 3 rain in a haematocrit centrifuge the ratio of volume occupied by the packed cells to the total volume was determined. This measurement had a coefficient of variation of 0.024 (n = 25) at volume fractions of about 0.40.
Material and Methods

Chem~a&
Novo Research Institute, Copenhagen, Denmark. ~:Sl-monoiodoinsulin with the labelled iodine in tyrosine AI4 (specific activity 200-2501xCi/Bag) and 125I-monoiodoinsulin with the labelled iodine in tyrosine A19 (specific activity 150-175 laCi/p.g): gifts generously donated by the Novo Research Institute, Copenhagen, Denmark [8] . In all receptor studies except for a comparison between binding of Al4 and AI9 monoiodoinsulin, Al4 monoiodoinsulin was used. Silicone oil No 510/50 (relative density 0.99, viscosity 100 centistokes): Dow Coming Cooperation, Midland, Michigan, USA. L-l-14C-glucose (specific activity 61 mCi/mmol): Radiochemical Centre, Amersham, England. Tissue and cells were suspended in buffer containing the following substance concentrations in mmol/l: NaCI 135, KCI 4.8, MgSO4 1.70, CaCI2, 2.5, NaH2PO 4 1.0 and 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (Hepes) 10; pH was adjusted to 7.4 at 37 ~ with 1 mol/l NaOH, unless indicated otherwise. During incubation of fat cells for 60rain at 37~ at a final volume fraction of 0.05, pH of medium dropped less than 0.1 from the original pH. Human albumin was present at 10-50 mg/ml.
Subjects
Specimens of subcutaneous adipose tissue were obtained from the abdomen of 35 females and 20 males undergoing gynecological or gastrocnterological surgery (sterilisation or duodenal ulcer). The patients were from 20 to 70 years old and their relative body weight was + 15~ of ideal weight [9] . None of the donors suffered from endocrine disorders. The subjects were fasted for about 12 h overnight. Preoperative medication was diazepam and atropine. General anaesthesia was induced with a short-acting barbiturate and maintained with halothane, nitrous oxide and oxygen.
Preparation of adipocytes
The tissue specimen was excised at the beginning of the operation and placed in a 37 ~ warm saline (154 mmol/I)-glucose (5 mmol/ I) medium. The tissue was brought to the laboratory in a vacuum
Fat Cell Diameter, Viability and Cell Number Concentration
To measure fat cell size, the cell suspension was diluted in buffer to about 4 x 104 cells/ml. With an automatic pipettc held vertically with the tip pointing upwards a 5-~ sample was placed on the grid of a Fuchs-Rosenthal cell counting chamber turned upside down. The diameter of the whole cell population was measured at 200-fold magnification using a eyepiece micrometer. Surface area (~D 2) and volumc (:rD3/6) were calculated for every measured cell diameter assuming that the fat cell has the shape of a ball. The precision of the sizing procedure was evaluated by repeating the measurement of diameter in five replicate 200 adipoc2,,te samples from the same cell batch. The coefficient of variation was 0.015. Adipocyte viability was examined by fluoroscence microscopy in acridine orange (0.1% w/v) stained cell preparations [10] . Cell viability was higher than 97%.
Fat cell diameter in frozen-cut and formaldehyde-fixed adipose tissue was estimated using the technique described by Sj6str6m et al. [11] . The concentration of cells in adipocyte suspensions was calculated as aditx)cyte volume fraction divided by mean adipocyte volume. The mean adilx)cyte volume was obtained from the individually calculated cell w~lumes.
Evaluation of Method~" for Preparation of Human Fat Cells
The cell diameter distributions (Fig. 1 ) of collagenase isolated fat cells and fat cells of adipose tissue were almost identical, indicating that no major selection of cells occurred during treatment with collagenase and during the washing procedure. A series of experiments showed that the concentrations of albumin and collagenase in the buffer during cell isolation must be balanced to prevent breakage of cells and to maximize the yield of fat cells. With the chosen batch of collagenase we obtained a constant yield (0.37+_0.10 g packed cells from 1 g of adipose tissue) and practically no evidence of cell lysis when adipose tissue was incubated with collagenase at four different concentrations from 0.5 to 3.0 mg/ml in a buffer with a fixed concentration of human albumin (25 mg/ml; n = 5). This albumin concentration had been found optimal with the given concentrations of coUagenase. The adipocyte insulin binding and receptor-mediated insulin degradation were both independent on the amount of collagenase which was used for cell isolation (data not shown). A crucial point in the preparation and use of human fat cells was the albumin concentration of buffer during the washing procedure and subsequent incubation. Comparative studies on the effect of 10 mg/ml albumin versus 50 mg/ml in buffer showed an adipocyte protective effect of albumin. In five individual experiments in which the diameter of 1000 cells from each buffer preparation were measured before and after cell wash and again after incubation for 60 min at 37 ~ showed an unchanged distribution of cell diameters when cells were prepared and incubated in buffers with 50 mg/ml albumin whereas the contribution of cells with diameters above 100 [xm was reduced by 21_+5% (p<0.05) after washing and incubation in buffers containing 10 mg/mi albumin. This protective effect of albumin was substantiated by the finding that specific binding at insulin tracer concentration to large adipocytes (92_+14~tm), washed and incubated at 37 ~ for 60 rain in buffers with 10 mg/ml of albumin was 20_+3% lower (p<0.01) than the binding in presence of 50 mg/ml albumin (11 separate experiments in which the concentration of ionized calcium and magnesium was kept constant at 1.25 and 0.5 mmol/1, respectively). This reduction in insulin binding could not be ascribed to changes in insulin degradation.
The degradation of iodoinsulin in the incubation medium after incubation of adipocytes for l h was measured by its solubility in 12% w/v trichloroacetic acid (TCA).
When studying the degradation of receptor-bound insulin cells were incubated for 1 h at 37 ~ in the presence of 125I-insulin, removed from the infranatant after centrifugation through silicone oil at 4 ~ and incubated in 1 ml buffer (50 mg/ml human albumin) at 37 ~ for another 60 min. A sample of the medium was then isolated for analysis of insulin degradation after removal of the cells by centrifugation through silicone oil. Under these conditions total degradation of the bound tracer insulin was measured. In other studies the extracellular degradation of tracer was inhibited by adding unlabelled insulin (10 [xmol/1) to the washout buffer. The degradation of iodoinsulin was measured by 1) its solubility in TCA and 2) by gel filtration. All insulin degradation studies were done in duplicate. The coefficient of variation for determination of receptor-mediated insulin degradation after 60 rain using the TCA-method was 0.088 (n = 25 consecutive experiments).
Statistical methods
Results are presented as mean _+ 1 SD. In Figs. 2-4 data are given as mean + 1 SEM. Student's t-test was used to test paired observations. Linear regression analysis was employed in correlation studies using the least-squares method. The number of samples (n) equals the number of persons.
Insulin Binding Studies
Concentrated cell suspensions were diluted in buffer containing 50 mg/ml human albumin to a final volume fraction of adipocytes ranging from 0.05 to 0.10.25 ~tl of tracer A14-125-1-monoiodoinsulin and 25 ~tl of unlabelled insulin (as indicated in legends to Figs.) or buffer were added to 200 ~tl cell suspension. Incubations were carried out at 37 ~ or 20 ~ in a shaking water bath (about 100 cycles/min). The incubations were terminated by the addition of 9.75 ml chilled (4 ~ 0,154 mol/1 saline followed by 1.2 ml chilled silicone oil [6] . After centrifugation for 1 min at about 2,500 X g at 4 ~ the cells were layered on the top of the oil and sucked into the tip of a disposable pipette or adsorbed to a bit of a pipe cleaner. Both cell bound and free radioactivity was cotmted. Total cell binding indicates the radioactivity of the cells. Nonspecific cell binding is radioactivity of the cells in the presence of an excess of unlabelled insulin (10 ~mol/1). Specific cell binding is defined as the difference between the total and the nonspecific binding and expressed as a fraction of the total radioactivity. All binding studies were done using duplicate incubations. The coefficient of variation for determination of total insulin binding fraction was 0.030 and that for nonspecific binding fraction was 0.101 (n = 25 consecutive studies). The precision of the measurement of the specific adipocyte binding fraction at insulin tracer concentration was 0.031. The fraction of iodoinsulin trapped extracellulary after separation of cell bound and free insulin was determined by L-1-14C-glucose (0.8 ~tCi/ml) incubation for 1 min.
Results
Dependence of Adipocyte Binding on 125I-Insulin Tracer, Cell Number Concentration and pH
The specifically bound fraction at insulin tracer concentration (10 pmol/1) to adipocytes (at a final volume fraction of 0.10) was 5.86 ___ 1.15 • 10 -2 when monoiodoinsulin with iodine in tyrosine A14 was the tracer, whereas the specifically insulin-bound fraction was 3.01 _ 0.89 • 10 -2 when monoiodoinsulin with iodine in tyrosine A19 was the tracer (n = 3). This finding accords with similar studies in rat adipocytes [8, 12] . The insulin binding to adipocytes at insulin tracer concentration (10 pmol/1) was proportional to the cell number concentration in the range 1.0 • 105 to 1.5 • 106 cells/ml (r = 0.988, 0.997, 0.985, n = 3). pH optimum for the binding of insulin to adipocytes was between 7.4 and 7.6 (Fig. 2) . The following studies were carried out with A14-1abelled iodoinsulin, with 1.5 to 3.5 x 105 cells/ml and at pH 7.4.
Insulin Degradation Studies
In all studies of insulin degradation adipocytes at a volume fraction at 0.10 were incubated in duplicate with Aa4-iodoinsulin (final concentration 140 pmol/1) for 60 rain at 37 ~ The nature of the bound radioactivity taken up by adipocytes after 1 h was analysed by gel filtration on a column (1.5 • 90 cln) Sephadex G -50 fine eluted at 4 ~ with f mg/ml albumin in 0.5 tool/1 acetic acid after extraction of the cell pellet for 60 min at 4 ~ in a mixture of acetic acid (3 mol/1) and urea (6 mol/1) [6] . . The pH of incubation buffers was adjusted to 7.4 both at 20 ~ and 37 ~ Under these conditions insulin degradation in the medium was less than 1% after incubation for 60 min. Mean values + i SEM of three separate experiments binding was obtained after about 45 min and maintained for at least 2 h even at high occupancy. This shows that no "down regulation" of receptors occurs over this period under these conditions. Nonspecific 639 binding was minimized to 1-4% of total binding at insulin tracer concentration. To estimate the contribution of extracellulary trapped 125I-insulin to the amount of nonspecifically bound insulin the t4C-Lglucose distribution space was measured. About 10% of nonspecifically bound 125I-insulin was attributable to extracellularly trapped radioactivity. At 20 ~ insulin binding at insulin tracer concentration reached a steady state after about 90 min (Fig. 3) . The binding plateau was about 50% higher than that at 37 ~ The nonspecific binding was independent of temperature. In three separate experiments (not shown) cells were incubated for 100rain with 20 pmol/1 125I-insulin at 37 ~ or 20 ~ and the apparent half times of dissociation were determined by the addition of unlabelled insulin at a final concentration of 10 ptmol/1 as 5 + 1 min at 37 ~ and 17 _+ 4 min at 20 ~ Thus, the increased binding of tracer iodoinsulin at 20 ~ is probably mainly due to an increased affinity caused by a decreased dissociation rate constant, although the possible contribution of other factors (temperature effect on degree of negative cooperativity, association rate constant and number of receptors) were not explored. Figure 4 depicts the inhibitory effect of unlabelled porcine insulin on the t25I-insulin binding after 60 rain of incubation at 37 ~ The concentration of unlabelled insulin necessary to reduce the specifically bound fraction of iodoinsulin at insulin tracer concentration 50% was about 0.25 nmol/1. The corresponding Scatchard plot (inset Fig. 4 ) was curvilinear with an upward concavity. Proinsulin had an inhibitory effect of 0.5% of that of insulin, and glucagon inhibited insulin binding very slightly (less than 0.01 per thousand of that of insulin), presumably due to slight contamination with insulin (n = 3). In kinetic studies of the dissociation of bound 125I-insulin, adipocytes at a final volume fraction of 0.10 were incubated in quadruplicate of 250 ~tl at 37 ~ for 60 rain with 140 pmol/l of 12sI-insulin. After wash and recovery of cells at 4 ~ the adipocytes were resuspended in polyethylene tubes containing 9 ml of Hepes buffer (50 mg/ml albumin). Unlabelled insulin at a final concentration of 100 nmol/l was present in half of the tubes and incubations were continued at 37 ~ By 10 rain 52 + 6% of the cell-associated radioactivity had dissociated in the absence of insulin and 60 +_ 5% in its presence. By 90 min 87 _+ 7% had dissociated in the absence of insulin and all in itsl presence (n = 3). This may indicate a slight negative cooperativity [13] . [6] . Panel B. Nature of 125I-activity dissociated from human adipocytes. Human adipocytes were incubated as described in A. The cells were isolated, resuspended in buffer containing 10 p~mol/1 of unlabelled insulin, and allowed to dissociate at 37 ~ for 60 min. The cell-free medium was chromatographed as in A Insulin Degradation Figure 5 A shows the gel filtration profile of radioactive material extracted from fat cells incubated with 140 pmol/1 iodoinsulin for 1 h. Ninety-five per cent of the radioactivity eluted as the 125I-insulin preparation whereas about 5% eluted with the same Kay as iodotyrosine. In five individual experiments the amount of iodotyrosine in cells was 7 + 3% of total cell-associated radioactivity.
Insulin Binding as a Function of Time and Temperature
Insulin Binding at Equilibrium and Kinetic of Binding
An insignificant (about 1%) degradation of insulin was found in the incubation medium after incubation of adipocytes for 1 h (cf. legend to Fig. 3) .
125I-insulin bound to adipocytes was allowed to dissociate into a washout buffer containing 10 ~mol/1 unlabelled insulin which totally inhibited insulin degradation in the medium. After dissociation for one hour, the TCA-soluble component was 10 _+ 4% of the total radioactivity (n = 5). Similar experiments (n = 5) were performed without unlabelled insulin in the buffer. After dissociation for one hour 11 + 3% of the total radioactivity was soluble in TCA confirming the absence of significant extracellular degradation of tracer insulin. The dissociated radioactive material in presence of unlabelled insulin was chromatographed. As shown in Fig. 5B the radioactivity appeared in three peaks. The first peak corresponded to the void volume (about 4%), the second peak co-eluted with iodoinsulin (about 82%) and the third peak co-eluted with monoiodotyrosine (about 14%). In five individual studies iodotyrosine comprised 12 _+ 6% of total dissociated radioactivity.
In three separate experiments, the fractional degradation of receptor bound insulin at insulin tracer concentration was independent of pH in the pH range 6.5 to 8.0 whereas a decline occurred at higher pH values (data not shown).
D~cus~on
Adipocyte Insulin Binding
Unlike the findings in other cells [14] , the pH optimum for a25I-insulin binding to human adipocytes was at a physiological pH. Steady-state of binding at 37 ~ (pH 7.4) could be maintained for 2 h. This finding is in contrast to the results by Olefsky et al. [1] who were unable to establish steady-state binding at 37 ~ presumably due to cell traumatization. In the present study the use of a rapid wash with a large dilution before recovery of adipocyte bound insulin made the nonspecific binding negligible. The nonspecific binding is thought to represent loose adsorption of iodoinsulin to adipocytes since the distribution space for L-glucose was ten times lower than that for nonspecificaUy bound iodoinsulin. Competition curves were well-defined both at very low and at very high concentrations of insulin. The concentration of unlabelled insulin necessary to reduce the specifically bound fraction of iodoinsulin at insulin tracer concentration by 50% was about 0.25 nmol/1 at 37 ~ This corresponds well to the value given by Andersen et al. [5] but is much lower than the findings at 24 ~ by Olefsky et al. [1] (1.5 nmol/1) and Harrison et al. [3] (1.3 nmol/1). These discrepancies may in part be explained by our finding that steadystate insulin binding at 20 ~ is not reached until after 90 rain and the incubations performed by Olefsky et al. [1] and Harrison et al. [3] were confined to 45 and 30 rain, respectively. Lockwood et al. [2] incubated human adipocytes with a very high concentration of tracer iodoinsulin (480 pmol/1) at 27 ~ for 10 min. Their reported half-maximal displacement constant was 2.2 nmol/1. This high value may be partially explained by the high tracer concentration and the short incubation period. The half-maximal displacement constant of 0.25 nmol/1 in this study of human fat cells is one order of magnitude lower than that reported for rat adipocytes from young animals [15] .
Adipocyte Insulin Degradation
When incubated to steady-state with 125I-insulin human adipocytes contained a pool of monoiodotyrosine ranging from 4 to 11% of the total cell-associated 125I-activity. The size of this pool was similar to that found in rat adipocytes [6] . However, in striking contrast to rat adipocytes, in which about half of the receptor-bound insulin is degraded after dissociation at 37 ~ for i h [6] , human fat cells seem only to have a limited ability to degrade receptor-bound ~2sI-insulin by a pathway with monoiodotyrosine as the end product. It should be noted that the present iodotyrosine figures should be taken as maximum values since it is difficult to avoid a slight nonspecific degradation of the 125-iodoinsulin during the recovery procedure. It seems possible, therefore, that receptormediated degradation is in fact absent in human adipocytes isolated from adults with normal body weight.
